Abstract: Previous photoreflectance studies on intrinsic silicon have exposed the strong non linearities versus excitation power. Implanted silicon samples however, exhibit these non linearities. We present a non linear model based on Auger recombination that can explain the observed signal for both intrinsic and implanted samples.
INTRODUCTION
Modulated photoreflectance has become one of the most widely used implantation characterisation tool in semiconductor industry [I] . Recently we have shown, theoretically and experimentally, that the high densities of free carriers injected in such experiments requires to consider Auger recombination, resulting in nonlinear photoreflectance signal [2] . In this paper, we extend our non linear modelisation to the case of recombination in the implanted layer. We will see how the combination of non linear effects leads to a photoreflectance signal which is linear with the pump laser power, opening the way to a explanation of signal dependance as a function a implantation dose.
EXPERIMENTAL PROCEDURE AND RESULTS
We measured the photoreflectance signal at 500 kHz on two silicon wafers (one intrinsic and one implanted) with a "classical" photothermal microscope [3] using a x 5 objective. The somewhat large beam size (z 10 pm2) and high modulation frequency were used in order to keep to the monodimensionnal diffusion model, as three dimensionnal diffusion can change dramatically the conditions for non linear effects to appear [4] . Figure 2 shows the dependence of the amplitude and of the phase of the signal as a function of the excitation power (6) . In figure 1 we compare experimental results on intrinsic and implanted Si wafers. The non linearity of the signal appears clearly for the intrinsic sample and has been discussed in [2] . We can note :
amplitude : the variation of the slope, indicating successive dependences in 4 f i and 4%;
the 180" shift, indicating that the thermal contribution, which increases faster with pump intensity (6% compared to &), becomes dominant at high incident powers (I >0,5W).
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Implanted silicon samples however, do not exhibit the non linear dependence. Under the same excitation flux, the amplitude-of AWR remains linear as a knction of incident power (see figure 1, 0). Furthermore, the thermal contribution (whose phase is near 0") remains dominant for all powers investigated. This is true for all samples we have studied: Boron and Arsenic implantation with doses ranging from 10" to 1015 cm-2.
MODELISATION
Our non linear modelisation is based on non linear recombination processes for free carriers, Auger recombination in particular (see figure 2) . Auger recombination is process involving three carriers; the resulting lifetime is inversly proportionnal to the square of the free camier density T =l/yn2 (where y is 
Case of implanted wafers
We can expand this modelisation by considering trap assisted Auger recombination in the implanted layer (see figure 2 right). In this case, the energy transferred to a free carrier is that of the recombination through a trap state. Two carriers are involved and the lifetime associated with this process is inversly proportional to free carrier density n ( 7 al/n). Therefore, the heat generation associated with it is proportional to the square of the free carrier density.
The free carrier density itself being proportionnal to the square root of the incident power, therefore we find that heat generation in the implanted layer is linear with incident power. This change in the dominant recombination process from Auger in intrinsic samples to trap assisted Auger in implanted ones is also coherent with the increase in photoreflectance signal (see figure I) , and is confirmed by Phase of the signal. For intrinsic silicon, the 180" phase shift indicates a change in the dominant contribution from plasma to heat. For implanted samples, the thermal contribution dominates at all powers investigated. recombination through a trap state Figure 2 : Auger (left) and trap-assisted Auger (right) recombination processes. These processes become important for large free carrier densities. In both cases, the recombination energy is transferred to a fiee carrier, which will relax the minimum of the band restituting the energy by non radiative processes. For Auger recombination, this energy is that of the band-to-band recombination; for trap-assisted Auger the energy is that of the recombination through a trap state.
transient free carrier gratings experiments [6].
Because the implanted layer is very thin and close to the surface, we will treat its effect as a boundary condition for the heat diffusion equation : we will thus introduce a non linear surface recombination velocity P and write the condition as : where x is the thermal conductivity, Eg the band gap energy and pump beam hv the photon energy.
The factor P expresses the recombination probability in the implanted layer. This probability being a hnction of the trap state density, /3 should be the result of the integration of this density over the implanted layer and therefore should be directly proportional to the implantation dose. As a first attempt to model the effect of implantation on photoreflexion signal we will express the factor as : =c XTmp, where Imp is the implantation dose and c is a constant which should depend on the nature of the implant and the implantation energy.
We have measured the photoreflectance signal on two series of wafers : one implanted with AS+ at 40 keV and one implanted with B+ at 50 keV. We have then fitted both set of results by changing only the phenomenological parameter c. The agreement is quite good between theory and experimental measure of the amplitude of ARIR as a hnction of the implantation dose, as well as between the fitted and published values for the properties of Si (see figure 3 and table 1 ).
CONCLUSION
We have expanded the application of photothermal examination of semiconductors by introducing non linear effects. We have shown that linear signal can be in fact the result of two non linear recombination processes and proposed that such non h e a r processes play a critical role in the case of implantation characterization. These first results are quite encouraging and gives hope for quantitative evaluation of the implantation in this field. In order to do so, a formal relation between the nature and dose of implantation and factor /3 must be established. 
